Previous preclinical studies have shown that nicotine pretreatment during adolescence increases the reinforcing actions of cocaine. However, little is known about the effect of prior nicotine administration on cocaine-induced conditioned place preference (CPP) and its reinstatement in adult mice. Besides, little information is available regarding the role of sex in this cross-talk between nicotine and cocaine. Thus, we examined if nicotine administration during adulthood would differentially alter cocaine-induced CPP, its extinction and reinstatement in male versus female mice and if the dose of nicotine was important in this regard. To this end, mice were pretreated with saline or nicotine (0.25 or 1 mg/ kg; twice daily for seven days) and then tested for place preference before and after single and repeated conditioning with cocaine (15 mg/kg). Mice were then exposed to extinction training and tested for reinstatement of CPP. Our results showed that male and female mice pretreated with saline and conditioned with cocaine each exhibited a robust CPP after a single cocaine conditioning. However, this response was blunted in mice pretreated with the lower but not higher dose of nicotine. Female mice pretreated with the lower dose nicotine also failed to show CPP after repeated conditioning. Reinstatement of cocaine-induced CPP was also blunted in these mice compared to their respective controls. Together, these results suggest that nicotine administration during adulthood exerts differential effects on cocaine-induced CPP and its reinstatement in male and female mice and the dose of nicotine is important in this regard.
Introduction
The initial use of some drugs during adolescent period primes the brain to bolster consumption of illicit substances later in life, leading to polydrug use in some individuals (McCabe et al., 2006) . For example, previous studies have shown that nicotine exposure during adolescence can pave the way to the use and abuse of cocaine, alcohol, and other addictive substances (Levine et al., 2011; McQuown et al., 2007; Orsini et al., 2008) . Interestingly, an epidemiological study has shown that, just alone in the United States, 90.4% of adults (between the ages of 18-34), who had used cocaine at least once had also smoked cigarettes before (Levine et al., 2011) . Many preclinical studies have also demonstrated the effect of early nicotine use on the reinforcing and rewarding effects of cocaine. For instance, pretreatment with nicotine has been shown to facilitate cocaine self-administration (McQuown et al., 2007) , cocaine-induced reward (Li et al., 2014) and locomotor sensitization (Kandel and Kandel, 2014) . Additionally, pretreatment with nicotine (0.32 mg/kg) produced a leftward shift in the cocaine's dose-response curve in Rhesus monkeys (Mello and Newman, 2011) . Together, these findings suggest that nicotine may serve as a gateway drug to facilitate the rewarding and reinforcing actions of cocaine [but see, (Kelley and Middaugh, 1999; Kelley and Rowan, 2004) ].
Age has been shown to play a critical role in the initiation and maintenance of addiction to nicotine and other drugs of abuse. Research in the past has shown that nicotine use is initiated during adolescent period and proceeds to the use and abuse of other drugs (Best et al., 2000; Businelle et al., 2013; Carmody et al., 1985; DiFranza and Guerrera, 1990; Lisha et al., 2014; McKee et al., 2011; Rimm et al., 1995; Romberger and Grant, 2004; Torabi et al., 1993; York and Hirsch, 1995) . This period of life is a very sensitive age in which the negative affective state associated with nicotine withdrawal is reduced while the rewarding action of nicotine is enhanced compared to adults (Carcoba et al., 2014; Dickson et al., 2014; Dickson et al., 2011; Hutchison and Riley, 2008; Lee et al., 2015; McQuown et al., 2009; Natividad et al., 2012; Natividad et al., 2010; Natividad et al., 2013; O'Dell et al., 2004; O'Dell et al., 2006; O'Dell et al., 2007; Shram et al., 2008; Torres et al., 2008; Wilmouth and Spear, 2004) , making adolescents a vulnerable target to nicotine use and abuse as well as for use of other addictive drugs during adulthood. Consistent with this notion, previous studies have shown that nicotine exposure during adolescence can prime the use and abuse of cocaine, alcohol, and other addictive substances (Bechtholt and Mark, 2002; DiFranza and Guerrera, 1990; Horger et al., 1992; Hutchison and Riley, 2008; Kandel and Kandel, 2015; Kandel and Kandel, 2014; Kelley and Rowan, 2004; Kouri et al., 2001; Levine et al., 2011; Li et al., 2014; McQuown et al., 2007; McQuown et al., 2009; Meliska et al., 1995; Natividad et al., 2010; Rinker et al., 2011; Rosenberg, 2014; Schindler et al., 2012; Schneider et al., 2012) . There is also evidence showing that about 90% of regular smokers start using tobacco at an early age, and that early onset smoking carries a major risk for the development of addiction to other drugs of abuse (Rimm et al., 1995) . Indeed, previous studies have shown that nicotine exposure during adolescence period alter the aversive (Hutchison and Riley, 2008) and rewarding (Kelley and Rowan, 2004; Schochet et al., 2004 ) effects of cocaine. Although an earlier study reported that prior nicotine treatment only enhanced the rewarding action of cocaine in adolescents but not adult rats (McQuown et al., 2009; Mojica et al., 2014) , limited information is available on the impact of nicotine exposure during adulthood on cocaine reward, extinction and reinstatement in mice.
There is accumulating clinical and preclinical evidence suggesting that there are sex-related differences in the neurobiology of addiction [for reviews, (Andersen et al., 2012; Anker and Carroll, 2011; Becker and Hu, 2008; Quinones-Jenab and Jenab, 2012) ]. Previous reports have shown that female rats acquire cocaine-induced conditioned place preference (CPP) after lower doses and fewer conditioning sessions compared to male rats, suggesting that females may be more sensitive to the rewarding action of cocaine (Russo et al., 2003) . Likewise, adolescent (PND34) and adult (PND 66) female rats were more sensitive and acquire cocaine CPP at lower doses than male rats (Zakharova et al., 2009) . In general, females have a greater propensity to self-administer cocaine or to exhibit greater sensitivity to the rewarding action of cocaine in the CPP paradigm. Furthermore, accumulating clinical and preclinical evidence suggests that there are sex-related differences in the neurobiology of addiction to nicotine Torres et al., 2009; Vastola et al., 2002) . However, there is a limited number of studies regarding the role of sex in the gateway action of nicotine. Importantly, there are no prior studies on the role of sex regarding the effect of prior nicotine treatment on extinction and reinstatement of cocaine-induced CPP. Therefore, we determined whether prior nicotine treatment during adulthood would alter cocaine-induced CPP, its extinction and reinstatement and if there was an effect of nicotine dose and/or sex of animals in these responses.
Material and methods

Subjects
Male and female C57BL/6J mice bred in house were used between the ages of 4-6 months for all experiments. The original breeding pairs were obtained from the Jackson Laboratories (Bar Harbor, ME, USA). Subjects were maintained under a 12-hour light/dark cycle (6 am-6 pm) in a temperature-controlled environment and had free access to food and water in their home cages except at the time of testing. All experiments were conducted during the light cycle between 9 am-5 pm, and were according to the NIH guidelines for the care and use of animals in research and approved by the Institutional Animal Care and Use Committee at Western University of Health Sciences (Pomona, California, USA).
Drugs
Nicotine bi-tartrate obtained from MP biomedical (Solon, Ohio) was dissolved in saline and administered subcutaneously (s.c.). Cocaine hydrochloride obtained from Sigma/Aldrich (St. Louis, Missouri) was dissolved in saline and administered intraperitoneally (i.p.). Control mice were injected with saline (s.c. and/or i.p.). The dose of nicotine is as the bi-tartrate salt.
Effects of low dose nicotine pretreatment on cocaine-induced conditioned place preference (CPP), its extinction and reinstatement in male and female mice
We used an unbiased conditioned place preference (CPP) paradigm to determine the effect of prior nicotine treatment on cocaine-induced CPP, its extinction and reinstatement. To this end, male and female mice were first randomly assigned and received nicotine (0.25 mg/kg, s.c.) or saline (10 ml/kg, s.c.) twice a day (9 am and 5 pm) for seven consecutive days. We then tested the effect of this seven-day nicotine treatment on cocaine-induced CPP, its extinction and reinstatement. The CPP paradigm was conducted 24 h after the last saline/nicotine injection over an 11-day period and consisted of five phases: (1) preconditioning test, (2) single as well as repeated conditionings, (3) postconditioning test, (4) extinction training and (5) reinstatement test. Each experiment was repeated at least twice with a cohort of 3 mice per treatment (saline vs. lower or higher dose of nicotine) and sex (male vs. female). Different groups of naive animals were used for each experiment. On day 1 (D1), mice were tested for baseline place preference, in which mice were placed in the neutral central chamber of the CPP apparatus and allowed them to freely explore the CPP chambers for 15 min. The amount of time that mice spent in each chamber was recorded and used as baseline place preference. Mice were then conditioned with either cocaine (15 mg/kg, i.p.) in one chamber, i.e., the drug-paired chamber (DPCh) or saline in the opposite chamber, assigned as the vehiclepaired chamber (VPCh). To assess whether pretreatment with nicotine had any effect on the rewarding actions of acute cocaine, mice were tested for place preference after this single conditioning the next day (day 3; D3), as described for day 1. Shortly thereafter, mice received their respective twicedaily conditioning on this day and also on day 4 and tested for CPP after repeated conditioning on day 5 (D5), as described for day 1. On day 9, the animals received extinction training, in which saline administration was associated with both conditioning chambers and tested for extinction the following day (Ext). Lastly, mice were tested for reinstatement (Reinstate) of cocaine CPP following a challenge dose of cocaine (7.5 mg/kg) on day 11. On each test day, mice were placed in the neutral central chamber of the CPP apparatus, allowed to freely roam all the CPP chambers, and the amount of time that mice spent in each conditioning chamber was recorded, as described above for day 1.
2.4. Effects of high dose nicotine pretreatment on cocaine-induced conditioned place preference (CPP), its extinction and reinstatement in male and female mice
The experimental protocol was identical to the above procedure except male and female mice were pretreated with saline or a higher dose of nicotine (1 mg/kg, s.c.) twice daily for seven days prior to the initiation of the CPP protocol.
Data analysis
The data are presented as means ( ± S.E.M.) of the amount of time that animals spent in the drug-paired chamber (DPCh) versus vehiclepaired chamber (VPCh). A three-way repeated measure analysis of variance (ANOVA) was performed followed by Fisher LSD post-hoc test for multiple comparisons. The between factors were drug pretreatment (saline vs. nicotine) and the conditioning side. The test day (time) was used as the within factor. A P < 0.05 was considered statistically significant.
Results
3.1. Pretreatment with the lower dose of nicotine (0.25 mg/kg) blunted the acute rewarding action of cocaine in male mice with no alterations in the CPP response induced by repeated conditioning and no change in reinstatement Fig. 1 depicts the amount of time that male mice treated with saline (left panel) or the lower dose nicotine (right panel) spent in the vehiclepaired chamber (VPCh) and drug-paired chamber (DPCh) on days 1 (D1), 3 (D3), 5 (D5) as well as on test days for extinction (EXT) and reinstatement of cocaine CPP (Reinstate). A three-way repeated-measure ANOVA revealed a significant effect of conditioning side (F1,4 = 32.16; P < 0.001), a significant interaction between the conditioning side and test days (F4,4 = 5.78; P < 0.0003) and a significant interaction between P.K. Singh, K. Lutfy Pharmacology, Biochemistry and Behavior 159 (2017) 84-89 pretreatment and the conditioning side (F1,4 = 5.55; P < 0.03). The Fisher LSD test revealed that male mice pretreated with saline and exposed to a single cocaine conditioning trial spent a significantly greater amount of time in the DPCh compared to VPCh (P < 0.0001), showing that cocaine induced a significant CPP in these mice. When these mice exposed to additional conditioning and tested on day 5 (D5), they still exhibited a significant CPP (P < 0.01) and this response was extinguished and reinstated following a challenge dose of cocaine (P < 0.0001). On the other hand, the same dose of cocaine failed to induce CPP in male mice pretreated with the lower dose of nicotine, as there was no significant difference in the amount of time that these mice spent in the DPCh vs. VPCh following single cocaine conditioning (P > 0.05). However, male mice pretreated with this dose of nicotine exhibited a significant (P < 0.05) CPP after repeated conditioning with cocaine (D5; DPCh vs. VPCh) but weaker (although not significantly different than controls) reinstatement. These findings suggest that prior low dose nicotine treatment reduced the rewarding action of acute cocaine in male mice.
3.2. Prior treatment with the lower dose of nicotine (0.25 mg/kg) blunted the CPP response induced by single or repeated conditioning with cocaine as well as its reinstatement in female mice
The amount of time that female mice pretreated with saline (left panel) or the lower dose nicotine (right panel) spent in the VPCh and DPCh on different test days is shown in Fig. 2 . A three-way repeated-measure ANOVA indicated a significant effect of the conditioning side (F1,4 = 8.04; P < 0.006), a significant interaction between the conditioning side and test days (F4,4 = 2.64; P < 0.05), and a significant interaction between pretreatment and conditioning side (F1,4 = 22.92; P < 0.0001). The posthoc test showed that control mice, i.e., pretreated with saline, and conditioned with cocaine exhibited a significant CPP following single or repeated conditioning (P < 0.001) and this response was extinguished and reinstated following a challenge dose of cocaine (P < 0.0001). In contrast, the same dose of cocaine failed to induce CPP in female mice pretreated with the lower dose of nicotine, as there was no significant difference in the amount of time that these mice spent in the DPCh vs. VPCh following single or repeated cocaine conditioning (P > 0.05). Likewise, reinstatement of cocaine CPP was blunted in these mice. These results show that pretreatment with the lower dose of nicotine attenuated the rewarding action of acute and repeated cocaine as well as its reinstatement in female mice.
3.3. Pretreatment with the higher dose of nicotine (1 mg/kg) did not alter CPP induced by single and repeated conditioning with cocaine or its reinstatement in male mice Fig. 3 illustrated the amount of time that mice spent in the VPCh and DPCh on different test days in male mice. Three-way ANOVA revealed a significant effect of the conditioning side (F1,4 = 98.59; P < 0.0001), a significant interaction between the conditioning side and test days (F4,4 = 11.26; P < 0.0001) but no significant interaction between pretreatment and conditioning side (F1,4 = 1.27; P > 0.05). The Fisher LSD test showed that saline-pretreated controls exhibited a robust CPP response after single or repeated conditioning with cocaine (P < 0.0001; left panel). Likewise, they exhibited extinction and reinstatement (P < 0.0001). Moreover, cocaine was able to induce a robust CPP after single or repeated conditioning in male mice pretreated with the higher dose of nicotine Fig. 1 . CPP induced by single (D3) or repeated (D5) cocaine conditioning as well as its extinction and reinstatement in male mice pretreated with saline (left panel) or the lower dose of nicotine (right panel). Data are means ( ± S.E.M.) of the amount of time that animals spent in the drug-paired (DPCh) and vehicle-paired (VPCh) chambers before (D1) and after single (D3) and repeated (D5) conditioning with cocaine as well as on the extinction (EXT) and reinstatement (Reinstate) test days (n = 6 mice per treatment; *P < 0.05; **P < 0.01; ****P < 0.0001 (significant difference in the amount of time that mice spent in the DPCh vs. its respective VPCh, respectively; + P < 0.05 significant difference in the amount of time that control mice spent in the DPCh vs. nicotine-pretreated mice)). (D5) conditioning with cocaine and during the extinction (EXT) and reinstatement (Reinstate) test days (n = 8 mice per treatment; ***P < 0.001; ****P < 0.0001 (significant difference in the amount of time that mice spent in the DPCh vs. its respective VPCh, respectively; + P < 0.05 significant difference in the amount of time that control mice spent in the DPCh compared to nicotine-pretreated mice)).
P.K. Singh, K. Lutfy Pharmacology, Biochemistry and Behavior 159 (2017) [84] [85] [86] [87] [88] [89] ( Fig. 3, right panel) . Similarly, these mice exhibited a robust reinstatement, suggesting that pretreatment with the higher dose nicotine did not alter CPP or its reinstatement in male mice (Fig. 4) .
3.4. Prior treatment with high dose nicotine (1 mg/kg) failed to alter cocaine-induced CPP or its reinstatement in female mice Fig. 4 depicts the amount of time that mice spent in the VPCh and DPCh on various test days in female mice. Analysis of the data showed a significant effect of the conditioning side (F1,4 = 139.4; P < 0.0001), a significant interaction between the conditioning side and test days (F4,4 = 22.86; P < 0.0001) but no significant interaction between pretreatment and conditioning side (F1,4 = 1.10; P > 0.05). The posthoc test revealed that control mice exhibited a robust CPP response after single or repeated conditioning with cocaine (P < 0.001; left panel). Additionally, female control mice exhibited extinction (although there appeared to be some residual CPP response) and reinstatement following the challenge dose of cocaine (P < 0.001). Unlike the low dose nicotine, pretreatment with the high dose nicotine failed to alter cocaine-induced CPP or its reinstatement in female mice (Fig. 4, right panel) . These results suggest pretreatment with the higher dose of nicotine did not alter CPP induced by single or repeated conditioning with cocaine in female mice. Similarly, the magnitude of the CPP response was not altered on the reinstatement test day in these mice.
Discussion
The main findings of the present study are that single as well as repeated cocaine conditioning induced a robust CPP in saline-pretreated male and female mice. The CPP response was extinguished following saline conditioning and reinstated when mice were challenged with cocaine, showing that cocaine induced CPP in mice of both sexes and this response was extinguished and reinstated. In contrast, single conditioning with cocaine failed to induce CPP in both male and female mice pretreated with the lower (0.25 mg/kg) but not higher (1 mg/kg) dose of nicotine. Furthermore, repeated cocaine conditioning did not induce CPP in female mice pretreated with the lower dose of nicotine. Similarly, reinstatement of cocaine-induced CPP was blunted in female but not male mice pretreated with the lower dose of nicotine. Together, these results suggest that nicotine pretreatment during adulthood in mice may even reduce cocaine-induced CPP and its reinstatement in a dose-and sex-related manner.
Many studies have reported that nicotine may serve as a gateway drug for cocaine and other illicit drugs (Dickson et al., 2014; Dickson et al., 2011; Levine et al., 2011; Li et al., 2014; McQuown et al., 2007; Orsini et al., 2008) . However, there is limited information on the effect of nicotine treatment on the rewarding action of cocaine if nicotine is administered during adulthood. In particular, there is a dearth of information regarding the effect of nicotine pretreatment on extinction and reinstatement processes. Therefore, we assessed the effect of prior nicotine treatment on the acquisition, extinction and reinstatement of cocaine CPP, and tested if there was any sex-related difference in this Fig. 3 . CPP induced by single (D3) or repeated (D5) cocaine conditioning as well as its extinction and reinstatement in male mice pretreated with saline (left panel) or the higher dose of nicotine (right panel). Data are means ( ± S.E.M.) of the amount of time that animals spent in the drug-paired (DPCh) and vehicle-paired chamber (VPCh) before (D1) and after single (D3) and repeated (D5) conditioning with cocaine as well as on the extinction (EXT) and reinstatement (Reinstate) test days (n = 9 mice per treatment; ****P < 0.0001 (significant increase in the amount of time that mice spent in the DPCh vs. its respective VPCh)). Fig. 4 . CPP induced by single (D3) or repeated (D5) cocaine conditioning as well as its extinction and reinstatement in female mice pretreated with saline (left panel) or the higher dose of nicotine (right panel). Data are means ( ± S.E.M.) of the amount of time that animals spent in the drug-paired (DPCh) and vehicle-paired chamber (VPCh) before (D1) and after single (D3) and repeated (D5) conditioning with cocaine as well as on the extinction (EXT) and reinstatement (Reinstate) test days (n = 7 mice per treatment; **P < 0.01; ****P < 0.0001 (significant increase in the amount of time that mice spent in the DPCh vs. its respective VPCh, respectively)).
P.K. Singh, K. Lutfy Pharmacology, Biochemistry and Behavior 159 (2017) 84-89 regard. Our results showed that pretreatment with the lower nicotine dose (0.25 mg/kg, s.c.) reduced the rewarding actions of acute cocaine in both male and female mice. Pretreatment with this dose of nicotine also blunted the CPP response induced by repeated cocaine conditioning and its reinstatement in female but not male mice, showing sex-differences in the inhibitory effect of nicotine pretreatment on cocaine reward. On the other hand, male and female mice pretreated with the higher nicotine dose (1 mg/kg) exhibited a CPP response that was comparable to their respective saline-pretreated controls. Likewise, reinstatement of CPP was not altered in mice pretreated with the higher dose of nicotine. Our results are consistent with previous studies in rats showing that nicotine pretreatment increased cocaine-induced reinforcement (McQuown et al., 2007) as well as locomotor sensitization (McQuown et al., 2009 ) in adolescent but not adult rats. Interestingly, nicotine withdrawal has been shown to differentially regulate extracellular levels of accumbal dopamine in adolescent versus adult rats (Natividad et al., 2010) . Likewise, the rewarding actions of nicotine are more pronounced in adolescence compared to adult rats (Natividad et al., 2013) . Thus, age of animals may play a major role in the gateway effect of nicotine. A novel finding of the present study is that pretreatment with the lower dose of nicotine blunted the rewarding action of acute cocaine in both male and female mice. Although the underlying mechanism of blunted cocaine-induced CPP with the lower dose of nicotine is not clear, it is possible that nicotine may have caused desensitization of certain nicotinic acetylcholine receptor, which are shown to be important in mediating the rewarding action of cocaine (Sanjakdar et al., 2015) . Indeed, differences in the affinity of nicotine for different subtype (α7, α4β2) of nicotinic acetylcholine receptors as well as differences in the rate of desensitization of different subtypes by nicotine (Buccafusco et al., 2009; Giniatullin et al., 2005; Lewis and Picciotto, 2013; Papke et al., 2009 ) have been reported in the literature, which may explain the results of the current study. However, further studies using a subtype selective agonist that does not cause strong desensitization or mice lacking different subtypes of nicotinic acetylcholine receptors (Marubio et al., 2003) are needed to define the underlying mechanism of these differential effects of low and high dose nicotine on cocaine reward.
One caveat of the present study is that we have used a single dose of cocaine. Therefore, one may argue that pretreatment with nicotine may have shifted the dose-response curve of cocaine to the left, as shown previously (Mello and Newman, 2011) , and therefore we observed no CPP in male and female mice pretreated with the low dose nicotine. We propose that the two doses of nicotine target different subtypes of nicotinic acetylcholine receptors, as discussed above, or may affect other neurotransmitter system(s) that may shift the dose-response curve in female mice pretreated with the low but not high dose nicotine. In line with this, nicotine has been shown to cause the release of beta-endorphin (Olive et al., 2001) . Notably, nicotine-induced CPP was blunted in mice lacking beta-endorphin (Trigo et al., 2009) , showing that betaendorphin is involved in the rewarding action of nicotine. Interestingly, we have previously shown that the rewarding action of cocaine is also reduced in mice lacking beta-endorphin (Marquez et al., 2008) . Thus, it is possible that nicotine may have caused a sensitized response via the beta-endorphin system. However, whether the two doses of nicotine used in the present study would differentially regulate the release of beta-endorphin and whether that response is different between male and female mice require further research. The other caveat of the present study is that we did not measure basal locomotor activity as well as the motor stimulatory action of cocaine in these mice during the conditioning sessions. It is possible that basal locomotor activity or cocaine-induced hyperlocomotion may be different between males and females or in mice pretreated with the low vs. high nicotine dose, and potentially impacted the CPP data.
In summary, we found that cocaine induced a robust CPP response in both male and female mice. The CPP response was extinguished and reinstated in mice of both sexes. Pretreatment with nicotine (0.25 mg/ kg twice daily for seven days) blunted cocaine-induced CPP and its reinstatement in female mice as well as CPP induced by single cocaine conditioning in male mice. However, the higher dose of nicotine (1 mg/ kg) had no inhibitory effect on cocaine-induced CPP and its reinstatement in female or male mice, showing that cocaine-induced CPP and its reinstatement were altered by nicotine pretreatment in a dose-and sexrelated manner.
